Macro-scale patterns of human systems ranging from population distribution to linguistic diversity have attracted recent attention, giving rise to the suggestion that macroecological rules shape the assembly of human societies. However, in which aspects the geography of our own species is shaped by macroecological factors remains poorly understood. Here, we provide a first demonstration that macroecological factors shape strong local-scale spatial patterns in human settlement systems, through an analysis of spatial patterns in agriculturalist settlements in eastern mainland China based on highresolution Google Earth images. We used spatial point pattern analysis to show that settlement spatial patterns are characterized by over-dispersion at fine spatial scales (0.05-1.4 km), consistent with territory segregation, and clumping at coarser spatial scales beyond the over-dispersion signals, indicating territorial clustering. Statistical modelling shows that, at macroscales, potential evapotranspiration and topographic heterogeneity have negative effects on territory size, but positive effects on territorial clustering. These relationships are in line with predictions from territory theory for huntergatherers as well as for many animal species. Our results help to disentangle the complex interactions between intrinsic spatial processes in agriculturalist societies and external forcing by macroecological factors. While one may speculate that humans can escape ecological constraints because of unique abilities for environmental modification and globalized resource transportation, our work highlights that universal macroecological principles still shape the geography of current human agricultural societies.
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Introduction
Among all organisms on Earth, our own species (Homo sapiens) is unique in many senses. One remarkable characteristic of humans is the extraordinarily high sociocultural diversity, despite comparatively little genetic variation [1] . Understanding sociocultural traits in particular human communities has been a traditional focus & 2017 The Author(s) Published by the Royal Society. All rights reserved.
in social sciences. However, recent studies now start to put together the pieces for the 'big picture' of human societies, having led to the discovery of a number of conspicuous largescale patterns. Interestingly, a portion of these anthropogenic patterns parallel classical patterns documented in the field of macroecology [2] , as seen e.g., in the congruence of latitudinal gradients in cultural and species diversity [3] [4] [5] [6] . It is increasingly suggested that human life histories are constrained by ecological factors, and large-scale patterns of sociocultural traits may be explained by macroecological processes that are analogous to those underlying biological patterns, giving rise to the emerging field 'human macroecology', which aims to understand human-environment relationships through quantifying statistical patterns of anthropogenic systems at large spatio-temporal scales [7] . This emerging field has provided exciting findings showing that macroecological rules underpin a wide range of anthropogenic patterns, e.g. population distributions [8, 9] , cultural distributions and dynamics [10] [11] [12] [13] , disease and public health [14, 15] , as well as economy and sustainability [16, 17] .
Macroecological approaches have provided valuable insights on many aspects of ecological systems [18] . Spatial pattern is a fundamental characteristic of ecological systems; importantly, it provides useful signatures for elucidating ecological interactions and processes that structure the ecosystems [19] [20] [21] . However, the link between local spatial patterns/processes and macroecology is not well quantified or understood. An important example that illustrates such link are the so-called 'Turing patterns', a special class of patterns periodically extended in space, resembling regular spots, stripes or labyrinths, that have been found in a wide range of ecosystems such as dryland vegetation and coastal mussel beds [22, 23] . It has been suggested that Turing vegetation patterns are mainly governed by micro-scale interactions, represented as coupled short-range positive feedbacks and long-range negative feedbacks in general [24] . However, a recent worldwide analysis has shown that the occurrence of these patterns are also well correlated with macroecological factors including climate, topography and soil [25] . Such crossscale correlations imply that at broad spatial scales, relevant macroecological factors can substantially determine the local biotic and abiotic factors underpinning spatial patterning. In this sense, linking local-scale spatial patterns to large-scale determinants not only contributes to identifying the mechanisms underlying pattern formation, but also help to scale up to better understand system functioning and dynamics at macroscopic scales. So far, it remains unclear if and how macroecological factors shape local spatial patterns in most systems.
Here, we connect the two emerging themes, human macroecology and cross-scale spatial pattern formation, by assessing the role of macroecological factors in shaping local-scale spatial patterns of anthropogenic systems. We are particularly interested in rural human settlements, because they are among the most conspicuous imprints that humans created on the Earth's land surfaces, and are home to about half world's populations. A glimpse at rural settlements from airplanes or remotely sensed images may provide the impression that their spatial patterns mimic those of other species' colonies (termites for instance) at proportionate scales (see figure 1 for some snapshots). This said, there is no doubt that spatial patterns of humans are likely to differ from those of termites, because humans are arguably not a eusocial species [26] , and human settlements are generally shaped by more diverse and complex displays of social behaviours. In social sciences, there have been extensive studies suggesting the important role of diverse sociocultural factors in the formation and spatial patterning of rural settlements, ranging from general theories of spatial location [27, 28] to specific sociocultral processes [29] [30] [31] . However, irrespective of sociocultural context, settlement formation and associated land use intensification involve emergent processes resulting from interactions between human individuals, groups, and the environments [32] . If these human interactions are governed by coarse-grained ecological constraints as in other species, one would expect that human settlement patterning follows general macroecological rules.
Indeed, recent work has revealed macroecological underpinnings (mostly related to water-energy patterns) of human collective behaviour and social structures, providing compelling clues for exploring settlements patterning in this framework. In hunter-gatherer societies, territory size of foraging groups has been found to be a function of energy (food) supply and population density [33, 34] . A corollary is that the dependence on these factors should also hold for the spacing distance between camps as a surrogate measure of territory size. When foraging groups strongly compete for food resources, it is reasonable to expect regularly distributed (i.e. over-dispersed) camps as a result of intensive territory segregation. In contrast, if positive relationships (e.g. cooperative defence and food sharing) are prevalent, group territories would tend to overlap [35, 36] , likely resulting in clustered patterns.
Little macroecological work has been done on agrarian societies, despite their importance. In parallel with hunter-gatherers, an individual agriculturalist settlement can be seen as a group that mostly use resources (agricultural production) from surrounding lands as its territory. An important transition from hunter-gatherer to agrarian societies is land use intensification (farming), which makes resources more abundant and predictable [37] . This could have fundamental consequences on collective behaviour and the settlement system. First, denser resources would allow for higher population densities and smaller territories [35] . Second, high-quality resources and more sedentary groups would intensify territory defence, as predicted by the theory of economic defendability [37, 38] . Third, rich resources, dense populations, and sedentary groups could favour the development of complex, long-range social networks [37] between settlements. These characteristics have major implications for spatial patterning of agriculturalist settlements, leading us to propose the following hypotheses:
(1) Significant territory segregation occurs between neighbouring agriculturalist settlements, resulting in overdispersed settlement patterns at local scales. At coarse spatial scales, agriculturalist settlements could have clustered territories and hence under-dispersed settlement patterns due to environmental constraints or positive social interactions (e.g. within ethnic groups). (2) At macroscopic scales, high resource availability (energy measured as PET, soil quality, hydrological density) has a negative influence on the territory size of agriculturalist settlements, and also favours territory clustering. (3) In mountainous terrains, steep topography result in smaller territory sizes, while also forcing territorial clustering. (4) Resource availability and topographic forcing can produce indirect influences on settlement patterning via mediating settlement size and population density.
To test these hypotheses, we used high-resolution (0.6 m) remotely sensed images to scrutinize rural settlements across rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20172003 mainland China, where traditional agriculture has a long history and has produced strong landscape imprints. We conducted spatial point pattern analysis to study spatial associations between the settlements and thereafter multiple regression and structural equation modelling (SEM) to examine the effects of macroecological factors on the detected patterns.
Methods (a) Study area and settlement data
China has a history of thousands of years as an agrarian society. Despite rapid urbanization in recent decades, over 700 000 rural settlements are home to c. 60% of the Chinese population [39] . rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20172003
A clear national-scale differentiation has been observed across mainland China, with most of the population and settlements distributed in the southeast part in contrast with the northwest part where is characterized by drylands and alpine plateaus. This divide roughly follows a straight line stretching diagonally across China, from the Heihe City to the Tengchong County (known as the 'Heihe-Tengchong Line' or 'Hu Huanyong Line' [40] ). We restricted our study area to area southeast of this line, as this is where relatively dense settlements accommodating c. 96% of total Chinese population are found (figure 1a). We divided the study area into 490 grid cells sized of 100 Â 100 km, within each of which we systematically sampled a 10 Â 10 km plot using high-resolution remote sensing. In this way, the sampling plots were relatively evenly distributed across the study area. The plots were selected following the criteria: (i) Each plot was capable of representing a relatively homogeneous agricultural landscape, i.e. no apparent non-agricultural land use features were found within the plot. (ii) Areas that are in proximity to (less than 10 km) or contain towns/cities were avoided. (iii) Grid cells intersected with metropolitan regions or urban agglomerations were excluded to avoid areas under substantial urban land use. When multiple candidate remote sensing plots existed in a given 100 Â 100 km cell, we selected the one closest to the cell centroid. We identified 320 sampling plots for the 490 grid cells (figure 1).
For each sampling plot we collected and geo-referenced (using the UTM projections) high-resolution (0.6 m) QuickBird images covering 2005 -2010, freely available from Google Earth. The distribution of rural settlements was derived using a supervised classification (with the maximum-likelihood method) in combination with visual inspections (manual tracing was used afterwards to correct classification errors). Each individual settlement was represented as a vector polygon with its centroid representing the settlement's spatial position. The centroids with geographical coordinates were taken as input data for the subsequent spatial point pattern analysis (electronic supplementary material, figure S1 ). The image processing was done using ENVI 4.8 and ArcGIS 10.2.
(b) Spatial point pattern analysis
We applied the univariate point pattern analysis (PPA) based on the second-order pair-correlation function g(r) to test if the settlements points present significant signals of under-dispersion or over-dispersion in contrast with complete spatial randomness (CSR, as the null model) over a range of observational spatial scales. A clear merit of the PPA approach for testing our hypotheses is that it is capable of detecting nested hierarchical spatial structures at multiple spatial scales with a single summary statistic (i.e. the g(r) statistic), facilitating subsequent statistical modelling. To characterize any spatial association signal (over-or under-dispersion) detected beyond the 99% CIs of CSR, we quantified (i) presence/absence of the signal (as a binary variable), and (ii) spatial scale range across which the signal arises (as a continuous variable), calculated as the width of the scale domain presenting the non-CSR signal (figure 2). For the detected signals we used the nomenclature indicating both association properties and their relative scales, e.g. smallscale over-dispersion or large-scale under-dispersion (see Results). The point pattern analysis was completed with the Programita software [41] . See electronic supplementary material, S1 for more detailed descriptions. 
was used to characterize energy availability. Elevation range derived from Shuttle Radar Topography Mission (SRTM) data was used to characterize topographic relief. Soil quality was characterized by total exchangeable bases (the sum of HCl-soluble bases including Ca 2þ , Mg 2þ , K þ and Na þ ) as the major components of soil fertility [42] . The length of rivers and major channels per unit area (river density for abbreviation) derived from the China hydrological map was used to characterize the hydrological system. In addition, our fourth hypothesis involves settlement size and regional population density. Mean settlement size was calculated as the mean area of the settlement polygons derived from the remotely sensed images (electronic supplementary material, figure S1 ). Regional population density was calculated from a Chinese gridded database on population density. The mean values of the abovementioned variables were calculated for each sampling plot, except that the topographic variable was represented by elevation range within the plot. In addition, as the broad geographical extent of China covers a diversity of social/ethnic backgrounds, to corrected for this potential influence, we used a categorical variable representing the major historical/cultural regions, i.e. Northern, Southern and Western China. This region variable was derived from a national-scale regionalization map developed by cultural geographers to classify characteristics of traditional Chinese settlements [43] . Data sources for the environmental variables are listed in electronic supplementary material, table S1.
(d) Statistical analyses
We used multiple regression to examine the relations between the macroecological variables (as predictors) and the spatial association variables previously quantified from the point pattern analysis (as response). For presence/absence of spatial association we fitted generalized linear models (GLMs) with the binomial distribution and logit link (logistic regression), while for the scale range of spatial association we fitted ordinary least square (OLS) models. We checked for multicollinearity of the predictors based on the variation inflation factor (VIF). The VIF value was less than 3 for all predictors, indicating no serious multicollinearity. We started from a full model, then performed a stepwise backward model selection to obtain a parsimonious model based on AIC. The resulting parsimonious models are robust when all possible models are considered. We also checked the Moran's I coefficient (based on the inverse distance weight method) for the model residuals, and detected rather low absolute values of Moran's I (electronic supplementary material, tables S2-S4), suggesting little potential for spatial autocorrelation problems [44] . Before model fitting, elevation range and settlement size were logtransformed and scale ranges of the pattern features were log(x þ 1)-transformed to avoid highly skewed distributions. We used piecewise structural equation models (piecewise SEMs) to test our fourth hypothesis, where population density and settlement size were included as modulator variables. For the logistic regression, we used a random subset with equal presence and absence data to avoid the data imbalance problem. The statistical analyses were implemented in R 3.3.1 [45] with the ape [46] , and piecewiseSEM [47] packages.
Results
Our results showed that local spatial associations between agriculturalist settlements in eastern China are characterized by two classes of non-random signals, as indicated by the summary statistic g(r) of the point pattern analysis. These two classes of signals are structured within a spatial scale hierarchy (figure 2). One class of signals represents overdispersion (as indicated by g(r) values falling below the lower 99% confidence intervals of CSR) at the lower end of the scale gradient (small-scale over-dispersion or SO hereafter). Within the scale range of SO (SR SO for abbreviation; 0.05-1.4 km), there was a significantly lower probability of finding a neighbouring pair of settlement points than expected by chance. Interpreted intuitively, this scale range reflects the average distance at which the settlements are 'repelling' each other. SR SO can thus serve as a surrogate measure of territory size. The signal of SO was found in all 320 sampling plots, suggesting that strong territory segregation among neighbouring settlements is ubiquitous.
At larger spatial scales beyond SO (usually more than 0.2 km), we detected a second class of signals representing under-dispersion (as indicated by g(r) values rising above the upper 99% confidence intervals of CSR, large-scale underdispersion or LU hereafter) in approximately 30% of the plots, with the rest plots characterized by CSR ( figure 1a) . Note that for a given study plot, over-dispersion was found to be always present at smaller spatial scales than underdispersion, but this is not necessarily the case when comparing between different plots. An interpretation is that at any given distance within the scale range of LU (SR LU for abbreviation, 0.1-2.6 km), there was a significantly higher probability of finding a pair of settlement points than expected by chance, suggesting that settlements are 'attracting' each other. SR LU can thus serve as a surrogate measure of cluster size.
Our results from the regression models showed that mean territory size (as measured by SR SO ) had significantly negative correlations with PET and elevation range (figure 3; electronic supplementary material, figure S2 and table S2), suggesting that higher energy availability and steeper topography favour smaller territories, or put in another way, finer-grained territory segregation. We also found a significant effect of the region variable, suggesting that territory size is influenced by large-scale historical/cultural factors. Soil fertility and river density did not have significant effects. Our SEM analysis further suggested several plausible pathways through which population density and settlement size transmit the effects of the macroecological factors on territory size (electronic supplementary material, figure S4 ). The two major pathways are: (i) higher PET and lower elevation ranges can favour higher population densities, in turn leading to smaller territories; (ii) both PET and elevation range have negative effects on settlement size, while settlement size has a positive effect.
Our statistical models also showed that occurrence of clustered patterns had significantly positive correlations with PET and elevation range, suggesting that higher energy availability and steeper topographic relief favoured clustered territories at larger scales (figure 3; electronic supplementary material, table S3). Again, our SEM analysis suggested population density and settlement size could play as mediators of the influences from PET and elevation range (electronic supplementary material, figure S4 ). Both population density and settlement size had negative effects on the occurrence of clustered territories. The abovementioned direct and indirect effects were similar, but weaker for cluster size (as measured by SR LU , where present), except for a more pronounced effect of river density on cluster size (figure 4; electronic supplementary material, figures S3 and S4 and table S4).
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Discussion
The point pattern analyses revealed marked regularities in spatial pattern features in agriculturalist settlements across eastern mainland China. These features could be decomposed in terms of hierarchical patterns at two spatial scales: ubiquitous over-dispersed patterns at small spatial scales, supporting the hypothesis of significant territory segregation; and a moderate level of under-dispersed patterns at larger spatial scales, in line with the hypothesis of territorial clustering.
Are these local-scale spatial pattern features governed by macroecological factors at broad scales? Our statistical models indeed suggest so. One of our major findings points to a significantly negative effect of PET on territory size of agriculturalist settlements, supporting our second hypothesis. This energy effect coincides well with its counterparts for huntergatherers [34] , as well as group-living animals in general [48] . It has been commonly observed that animal territory size expands when resource abundance decreases, with individuals maintaining per capita intake rates unchanged [48, 49] . When it comes to the patterning of agriculturalist settlements, a similar mechanism may operate because individual settlements would need more arable lands when per unit agricultural production is limited by relatively low water-energy availability.
Further comparisons strengthen the suggestion that 'universal' ecological principles shape territoriality of humans and animal species (here the distinction between humans and animals is arbitrary from a biological perspective). The territory theory of animals predicts that a relaxed degree of population crowding or a larger group (colony) size can result in enlarged territory sizes [48] . In parallel, an analogous prediction for agriculturalist settlements is that territory size should be positively correlated with settlement (group) size, because a larger settlement with more residents would need a larger territory; while regional population density should have a negative correlation with territory size, because increasingly crowded populations at a regional level would compress individual territories if territory overlapping is absent [36] . Our results from SEM confirmed that it is indeed possible that population density and settlement size can have such mediation effects, as driven by energy availability (electronic supplementary material, figure S4 ). The transmission pathway mediated via population density can be interpreted as high energy availability providing support for higher population densities, which in turn compress territories. Indeed, this mechanism has also been widely observed in group-living animals, such as birds and mammals [48, 50, 51] . The other pathway represents the scenario that low energy availability favours larger settlements (groups), which need larger territories. The negative effect of PET on settlement size is plausibly explained by the sociality of humans: in resource-poor areas, aggregating into (appropriately) larger settlements can have obvious benefits for the residents as a collective, in the sense that they can ameliorate the harshness via cooperation. Such enhanced positive interaction is a common strategy for plants in stressful environments (the so-called stress gradient hypothesis) [52, 53] , and has been observed in some group-living animals, e.g. Octodon degu [54] . However, generally strong intra-specific competition for food resources may be an important reason why this trend is not prevalent in animal communities [55, 56] . Territorial clustering is not uncommon in nature [57] [58] [59] [60] . For animals the prevailing explanations for this pattern, regardless of specific mechanisms, address the benefits in various forms gained through conspecific attraction [57] . A particular case is that in resource abundant areas, territorial animals may settle closely next to each other, because in this way they can identify and thereby access the high-quality resources more efficiently [58] [59] [60] . This perhaps also partly explains our observed positive correlation between settlement clustering and PET. Another benefit can be gained through intraspecific cooperation in terms of e.g. intruder defence and predator protection [57, 61] . Likewise, rural settlement clustering could be a sign of strong cooperation between the settlements. Indeed, it has been suggested that in higher-resource settings, human societies tend to develop higher levels of cooperation and more complex social networks [37] . In addition, settlement size and population density can again play as significant mediators as suggested by SEM. A possible explanation is that between-settlement connections would be weakened when the settlements are large and relatively far away from their neighbours (because of their large territories), while dense populations may enhance social connections that can interlink most of the settlements across the whole region and therefore destruct formation of local clusters.
We did not observe the hypothesized effects of soil fertility and river density (electronic supplementary material, figures S2 and S3). One possibility is that humans can increasingly temper soil quality and surface water resource limitations with the aid of technologies developed through long-term agricultural practices across past centuries and millennia, while rivers can act as another environmental forcing that tends to obstruct the development of clustered patterning through segregation. It is also possible that sometimes settlements developing along rivers form linear patterns, but such river-settlement association cannot be well detected using the PPA. The effects of strong macroecological forcing on settlement patterning might be dependent on the environmental modification ability of our own species. A possible scenario in the future is that advancement of technology would make humans escape macroecological constraints, eventually reshaping settlements patterning and persistence. Still, it remains to be studied if, when and how human settlements start to become systematically unconstrained by macroecological rules, pointing to an important area for future research on human macroecology, i.e. focusing on regions most strongly characterized by the expected Anthropocene societal development trends.
Topography as a strong environmental forcing usually poses marked limitations on human behaviours [62, 63] , increasing the difficulty for agricultural land use, settlement establishment and human mobility. Our analysis suggested that steep topography restricts territory size directly as well as indirectly via restricting settlement size. While steep topography could also have an indirect positive effect via limiting population density, though any such effect was outweighed by the overall negative effects. Another important consequence of topographic relief is territorial clustering, in the sense that only some (relatively flat) areas are suitable or attractive for settlements in complex terrains. This direct forcing coincides with the indirect effects that small settlements and low population densities in complex terrains also favour clustered patterns.
Quantifying sociocultural and historical effects is an important future challenge for improving our understanding of settlement patterning [64] . The coarse-scale regionalization variable used in this study was not able to well reflect the LU signals (electronic supplementary material, tables S3 and S4), suggesting that more complex processes are likely playing a role. This is especially the case for understanding the reason why territorial clustering is mostly present in the southernmost part of mainland China (figure 1a). A promising approach for future studies would be using phylogenetic information (based on cultural lineages, rather than genetic lineages of humans) to account for cultural/historic similarities, given that reliable cultural/historical phylogenetic trees can be constructed.
Taken together, our results help to disentangle the complex interactions between intrinsic spatial processes in agriculturalist societies and forcing by macroecological factors (see figure 4 for a synthesis of the direct and indirect effects). Settlement spatial patterns provide us an opportunity to unravel the interesting similarities in the territoriality of agriculturists, hunter-gatherers and animals, and to understand the ecological mechanisms that are plausibly 'universal' to humans and other species. Although territory theory has long been established in ecology, successfully explaining territory patterning of many animal species, our work is, to our knowledge, the first extension of territory theory to the geography of human settlement patterns. Macroecological factors have played a strong role in shaping current local-scale spatial patterns in agriculturalist settlement systems despite the fact that humans have the ability to temper ecological constraints through environmental modification and globalized resource transfer. Our work demonstrates the value of a macroecological perspective for understanding human collective behaviour and settlement systems, highlighting the ecological nature of human societies. While our focus is on ecological interactions, further consideration of historical-geographic context would facilitate comprehensive understanding of variability of settlement patterning. Importantly, macro-scale sociopolitical factors (e.g. governmental planning) can play a substantial role in settlement patterning [65] , leaving it an open question when and how sociopolitical factors lead to settlement systems that deviate from those generated by spontaneous intrinsic socio-ecological dynamics and extrinsic macroecological forcing.
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